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Abstract — Dielectric spectroscopy was employed for monitoring biophysical parameters of Euglena gracilis in suspension 
to assess a possibility of using this method for a new biomonitoring system for detecting and identifying pollutants in aquatic 
environments. E. gracilis was subjected to different types of membrane -affecting toxic chemicals (1 mM chlorpromazine, 1 
mM HgCl 2 , or 1 mM Triton X-100), and dielectric measurement of the cell suspension was carried out over a wide frequency 
range between 5 kHz and 3 MHz. All of these chemicals at the designated concentrations induced similar changes in cell 
motility of Euglena cells; flagellar activity was inhibited and rounding-up movement of the cell body was induced. These 
chemicals also induced distinct changes in dielectric properties of the cell suspension, but the manner of changes in 
dielectric behavior was unique to individual chemical species, suggesting a possible use of this technique for quick 
identification of toxic materials in aquatic environments. 
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I. Introduction 

Identification of toxic substances in various samples, such as drinking water and food specimens, is exceedingly important, 
but analytical methods by using chemical procedures require time-consuming and labor-intensive sample preparations [1]. 
Therefore, biomonitoring approaches have been developed to rapidly identify toxicity using living organisms such as 
microorganisms [2], animals [3, 4], unicellular algae [5], and protists [6] as biomonitors. Although biomonitoring allows 
evaluation of cumulative effects of various contaminants, it is not possible to identify and name the chemical substances 
contained in the polluted water. Tahedl and Hader [7, 8] reported an approach for monitoring water quality by using the 
motile unicellular flagellate Euglena gracilis as a monitoring organism. They developed an elaborate system to determine six 
different movement parameters including motility, swimming velocity, and gravitactic orientation, and showed that different 
chemicals affect different parameters [7]. E. gracilis is suitable as a biomoitor organism, since 1) methods for axenic mass 
cultivation has been established [9], 2) free-swimming motility ensures a long-lasting homogeneous cell suspension that is 
required for stable measurement, and 3) the cells have a uniform and symmetrical morphology that changes in response to 
various environmental factors [10]. 


Dielectric spectroscopy is a non-invasive technique by which multiple electrical and morphological parameters of the living 
cells in suspension can be obtained over a wide frequency range [11, 12]. In this paper, we have applied this method to E. 
gracilis , as an attempt to evaluate the possibility that different multiple parameters obtained by this technique might be useful 
to quickly unveil the chemical composition of unknown water samples. 

II. Material and Method 


2.1 Cells 


Euglena gracilis SM-ZK strain was obtained through the courtesy of Professor Y. Nakano of Osaka Prefecture University 
and cultured at 25 °C for 7 days. SM-ZK is a streptomycin-bleached mutant strain derived from Euglena gracilis Z, which is 
permanently deprived of chloroplasts [13]. This mutant strain was used in the present study, since simpler intracellular 
organization may allow better theoretical consideration for the dielectric data analysis [14, 15, 16]. The culture medium 
consisted of 0.1% sodium acetate trihydrate (Nacalai Tesque, Japan), 0.1% polypeptone (Nihon Pharmaceutical, Japan), 
0.2% tryptone (Nacalai Tesque, Japan), 0.2% yeast extract (Bacto, USA) and 0.001% calcium chloride dihydrate 
(CaCl 2 -2H 2 0, Nacalai Tesque, Japan). Cells were efficiently concentrated with two layers of membrane filters, one was an 
11 -pm nylon mesh filter and the other was a hydrophilic PTFE filter with 10 pm pores (Omnipore, Ireland) placed on the 
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bottom. Cells accumulated on top of the filters were collected and used for experiments after the cell density was adjusted to 
5x10 s cells/ml. 

2.2 Chemical fixation and electron microscopic observation 

After treated with chlorpromazine (1 mM), HgCl 2 (1 mM), or Triton X-100 (1 mM) for 5 min, E. gracilis cells were 
chemically fixed with glutaraldehyde and osmium tetroxide [17], dehydrated through an ethanol series, and embedded in 
Spurr’s resin. Ultrathin sections were made using an ultramicrotome (Leica EM UC7), stained with uranyl acetate and lead 
citrate, and observed under a transmission electron microscope (Hitachi H-7100). 

2.3 Dielectric measurement 

The dielectric measurement system was composed of a measuring chamber and an impedance analyzer (Fig. 1). The 
measuring chamber was of a parallel-plate capacitor type, made from an acrylic glass tube (7.5 and 12.5 mm in inner and 
outer diameters, respectively), and a pair of Pt disks as parallel electrodes (diameter, 10 mm; thickness, 0.1 mm; cell 
constant, 5.1xl0‘ 14 F; placed 8.4 mm apart,) coated with Pt-black for reducing the electrode polarization [18,19,20]. The 
dielectric response was measured with an impedance analyzer (IM3570, HIOKI E. E. Co. Ltd, Japan, operated at 1 V) in the 
frequency range between 1 kHz and 5 MHz at 155 frequency points. Measurements were carried out at 25±1 °C, and a single 
series of measurements took about 50 sec. Data obtained between 5 kHz and 3 MHz were used for analysis. To avoid uneven 
distribution of the Euglena cells in suspension, that is occasionally observed as the result of bioconvection phenomenon, we 
designed a perfusion system with a peristaltic pump (AC-2120, ATTO, Japan), in which 3-ml cell suspension was circulated 
continuously through the measuring chamber at a rate of 4.2 ml/min. 

H 


i 

FIG. 1. A MICROGRAPH OF THE DIELECTRIC MEASUREMENT SYSTEM (A) AND AN ENLARGED PICTURE OF THE 
MEASURING CHAMBER ON A FIXTURE CONNECTED TO THE IMPEDANCE ANALYZER (B). THE SYSTEM WAS 
COMPOSED OF A PARALLEL-PLATE CAPACITOR TYPE MEASURING CHAMBER (C) CONNECTED TO AN 
IMPEDANCE ANALYZER (IA) AND A PERFUSION SYSTEM WITH A PERISTALTIC PUMP (PP). THE SAMPLE CELL 
SUSPENSION WAS CIRCULATED CONTINUOUSLY THROUGH THE MEASURING CHAMBER IN A DIRECTION 
SHOWN WITH ARROWS. A RESERVOIR (R) WAS PLACED IN THE FLOW PASSAGE, TO WHICH TEST CHEMICALS 

WERE INTRODUCED. 

III. Results 

3.1 Effects of toxic chemicals on the dielectric behavior 

Three different membrane-affecting chemicals were used to compare their effects on the dielectric behavior of E. gracilis 
cells in suspension. As shown in Table 1 and Fig. 2, all chemicals showed inhibitory effects on cell swimming, and rounding - 
up cell shape changes were induced. Each chemical, however, showed different effects on both relative permittivity and 
conductivity of the cell suspension as shown in Fig. 3. Chlorpromazine reduced the permittivity at around 100 kHz range 
(Fig. 3 A). On the contrary, conductivity of the cell suspension was increased over the whole range of frequencies, especially 
in the lower frequencies (Fig. 3A’). HgCl 2 induced only a slight elevation in permittivity (Fig. 3B), while it strongly 
suppressed the conductivity of the cell suspension in the whole frequency range (Fig. 3B’). The effect of Triton X-100 was 
different from either that of chlorpromazine or HgCl 2 . It reduced permittivity of the cell suspension as in the chlorpromazine - 
treated cells (Fig. 3C), but the conductivity decreased in the whole range, especially in higher frequencies (Fig. 3C’). The 
results were summarized in Table 1, showing that different chemicals provoked different effects on the dielectric behavior of 
cell suspension, even though morphological and motility changes were similar. 
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Table 1 

Effects of toxic substances on cellular morphology, motility, and dielectric parameters 

of Euglena gracilis in suspension. 



Chlorpromazine (1 mM) 

HgCl 2 (1 mM) 

Triton X-100 (1 mM) 

Cell shape 

partially rounded 

rounded 

partially rounded 

Plasma membrane 

intact 

intact 

intact 

Mitochondria 

swelling and fusion 

intact 

membrane disruption 

Swimming 

inhibited 

inhibited 

inhibited 

e 1 ' 

decreased 

slightly increased 

decreased 

k 2> 

increased 

decreased 

decreased 


1) Relative permittivity of cell suspension. 2) Conductivity of cell suspension. 



Fig. 2. Light micrographs of Euglena gracilis showing control cells (A), cells treated with 1 
mM chlorpromazine (B), 1 mM HgCl 2 (C) , and 1 mM Triton X-100 (D). Swimming motions of the 

CELLS GRADUALLY CEASED BY THE ADDITIONS OF THESE CHEMICALS, AND THE CELLS BECAME ROUNDED- 
UP COMPLETELY BY HgCL 2 , OR PARTIALLY ROUNDED BY EITHER CHLORPROMAZINE OR TRITON X-100. 

Pictures in B-D were taken 5 min after the addition of the chemicals. 




0.14 


C’ 
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Fig. 3. Frequency dependence of relative permittivity e (A-C) and conductivity k (A’-C’) of E. gracilis in 
suspension. Control cells (closed symbols) and those measured about 5 min after the addition of the 
chemicals (A/A’; chlorpromazine, B/B’; HgCl 2 , C/C’; Triton X-100) at the final concentration of 1 mM 

(OPEN SYMBOLS) WERE SHOWN. ARROWS INDICATE THE CHANGING DEGREE AND DIRECTION INDUCED BY THE ADDITION 

OF THE CHEMICALS. 
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Fig. 4. Electron microscope images of the pellicular structures of E . gracilis. A: control, B: 

CHLORPROMAZINE-TREATED, C: HgCL 2 -TREATED, D: TRITON X- 100-TREATED. IN ALL OF THE DRUG- 
TREATED SPECIMENS, NO DAMAGES WERE DETECTED IN THE PELLICULAR STRUCTURES (B-D). THE PLASMA 
MEMBRANES REMAINED INTACT (ARROWHEADS IN A-D), AND SUB PELLICULAR MICROTUBULES (ARROWS IN 
A-D) WERE ALSO UNAFFECTED. THE ULTRASTRUCTURE OF MITOCHONDRIA WAS ALTERED IN 
CHLORPROMAZINE-TREATED CELLS, WITH FORMATION OF SEPTA AND SMALL BLEBS (ARROWS IN B’). 

Mitochondria in HgCl 2 -treated cells were not altered. In Triton X- 100-treated cells, 

MITOCHONDRIAL MEMBRANES DISAPPEARED (ARROW IN D’). 


3.2 Electron microscopy observation 

Transmission electron microscopy observation was carried out to investigate intracellular morphology of E. gracilis after 
treatment with the membrane-affecting chemicals. As compared with the control cells (Fig. 4A), no obvious damages were 
observed in the pellicular structures of the drug-treated cells, and the plasma membranes remained intact in all cases (Figs. 
4B-D; arrowheads show the unit membrane structure of the plasma membrane). Large deformation of mitochondria was 
detected in the chlorpromazine -treated cells (Fig. 4B’) with frequent fusion and formation of small blebs on the 
mitochondrial surface (arrows in Fig. 4B’). Intracellular organelles looked intact in HgCl 2 -treated cells (Fig. 4C’). In the 
Triton X-100-treated cells, mitochondrial membranes were completely missing (Fig. 4D’). 

IV. Discussion 

Dielectric spectroscopy is a non-invasive technology that provides a rapid and useful way of biological research to analyze 
electrical properties of living cell suspensions [11, 12] and tissues [21, 22, 23], and also to monitor the growth of cultured 
cells [24] . In this study, we observed the dielectric behavior of E. gracilis in suspension in the range of frequency between 1 
kHz and 5 MHz for detecting possible changes due to the presence of toxic chemical compounds in the surrounding medium. 
Characteristic changes in the dielectric behavior were induced by chlorpromazine, HgCl 2 , and Triton X-100, which indicate 
that the toxic effects of different chemicals might have caused damages on different dielectric compartments of the cell. 

Increase in conductivity by chlorpromazine may be explained by the raise in conductivity of the extracellular medium by a 
possible leaking of intracellular electrolytes toward outside. Chlorpromazine is a membrane-affecting positively-charged 
molecule that has an effect to enhance membrane permeability [25] and various electrolytes [26, 27]. It showed a 
deteriorating effect on the mitochondrial structure and increase in conductivity of the cell suspension of E. gracilis , which is 
probably ascribed to the enhanced ionic conduction of electrolytes across the damaged mitochondrial membranes. 

The HgCl 2 -treated cells showed no obvious damages on the cellular ultrastructure. However, it showed decrease in 
conductivity of the cell suspension as shown in Fig. 2B\ The reason for this phenomenon is not clear, and more detailed 
theoretical consideration is needed [14, 15]. The main cellular target of inorganic mercury is regarded as the plasma 
membrane, by influencing transport of water and electrolytes [28, 29]. The decrease in conductivity by the treatment with 
HgCl 2 may be the result of decrease in the medium conductivity, and an alternative explanation may be the possible increase 
in the volume fraction of the cells with concomitant decrease in the cytoplasmic conductivity. At this moment, it is difficult 
to distinguish these two possible mechanisms, and strong inhibitory effect of mercury to various cellular enzymes should also 
be considered [28]. 
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Triton X-100 is a nonionic detergent that is probably the most commonly used permeabilization agent for biological 
researches. It has a strong effect on the living cell membranes by destructing the compactness and integrity of the lipid 
membranes [30]. The decrease in conductivity of the cell suspension as shown in Fig. 5C’, especially notable in the high 
frequency range, may be explained by a decrease of the extracellular conductivity with possible concomitant decrease in the 
intracellular conductivity. 

V. Conclusion 

Biomonitoring of water quality is essential for the safe supply of drinking water, which offers many advantages over the 
classical physico-chemical methods of analyses. They usually involve simple observations, and requires only short time, 
small money and space. However, biomonitoring also has disadvantages. They are not able to provide an exact figure of 
water quality parameters, and cannot pinpoint the exact cause of water quality problems. It is principally because 
biomonitoring techniques usually employ only a single parameter (swimming behavior, electromyographic response, etc.), 
although chemical nature of toxicants is highly complicated. In the present paper, we found different dielectric responses that 
are characteristic to three different toxic chemicals, even though they showed similar morphological and behavioral 
responses to E. gracilis. If we can make good use of a set of multiple dielectric parameters extracted from the wide 
frequency-range data, it should provide us with a good starting point to identify individual toxicants contained in polluted 
water samples. 


Acknowledgements 

This work was supported by JSPS KAKENHI Grant Numbers 19510030, 23117009, and 23510062. 

REFERENCES 

[1] Thomas, K.V., Thain, J.E., Waldock, M.J., 1999. Identification of toxic substances in United Kingdom estuaries. Environ. Toxicol. 
Chem. 18,401-411. 

[2] Woutersen, M., Belkin, S., Brouwer, B., Wezel, A.P., Heringa, M.B., 2011. Are luminescent bacteria suitable for online detection and 
monitoring of toxic compounds in drinking water and its sources? Anal. Bioanal. Chem. 400, 915-929. 

[3] Kang, I, J., Morioshi, J., Nakamura, A., Nagafuchi, K., Kim, S.G., Oshima, Y., 2009. Biological monitoring for detection of toxic 
chemicals in water by the swimming behavior of small freshwater fish. J. Fac. Agr. Kyushu Univ. 54, 209-214. 

[4] Green, U., Kremer, J.H., Zillmer, M., Moldaenke, C., 2003. Detection of chemical threat agents in drinking water by an early warning 
real-time biomonitors. Environ. Toxicol. 18, 368-374. 

[5] Millan de Kuhn, R., Streb, C., Breiter, R., Richter, P., NeeBe, T., Hader, D.-P., 2006. Screening for unicellular algae as possible 
bioassay organisms for monitoring marine water samples. Wat. Res. 40, 2695-2703. 

[6] Apostol, S., 1973. A bioassay of toxicity using protozoa in the study of aquatic environment pollution and its prevention. Environ. 
Res. 6, 365-372. 

[7] Tahedl, H., Hader, D.-P., 1999. Fast examination of water quality using the automatic biotest ECOTOX based on the movement 
behavior of a freshwater flagellate. Wat. Res. 33, 426-432. 

[8] Tahedl, H., Hader, D.-P., 2001. Automated biomonitoring using real time movement analysis of Euglena gracilis. Ecotoxicol. Environ. 
Saf. 48, 161-169. 

[9] Ruiz, L.B., Rocchetta, I., Ferreira, Y.S., Conforti, V., 2004. Isolation, culture and characterization of a new strain of Euglena gracilis. 
Phycol. Res. 52, 168-173. 

[10] Suzaki, T., Williamson, R.E., 1986. Cell surface displacement during euglenoid movement and its computer simulation. Cell Motil. 
Cytoskel. 6, 186-192. 

[11] Asami, K., Hanai, T., Koizumi, N., 1976. Dielectric properties of yeast cells. J. Membr. Biol. 28, 169-180. 

[12] Asami, K., Takahashi, Y., Takashima, S., 1989. Dielectric properties of mouse lymphocytes and erythrocytes. Biochim. Biophys. Acta 
1010,49-55. 

[13] Oda, Y., Nakano, Y., Kitaoka, S., 1982. Utilization and toxicity of exogenous amino acids in Euglena gracilis. Microbiol. 128, 853- 
858. 

[14] Asami, K., 2002. Characterization of biological cells by dielectric spectroscopy. J. Non-Crystalline Solids 305, 268-277. 

[15] Irimajiri, A., Suzaki, T., Asami, K., Hanai, T., 1991. Dielectric modeling of biological cells. Models and algorithm. Bull. Inst. Chem. 
Res. Kyoto Univ. 69, 421-438. 

[16] Irimajiri, A., Ando, M., Matsuoka, R., Ichinowatari, T., Takeuchi, S., 1996. Dielectric monitoring of rouleaux formation in human 
whole blood: a feasibility study. Biochim. Biophys. Acta 1290, 207-209. 

[17] Song, C., Suzaki, T., 2013. Improved preservation of organelles in Paramecium bursaria by freeze -substitution with glutaraldehyde 
and osmium tetroxide. J. Electr. Microsc. Technol. Med. Biol. 27, 1, 1-8. 

[18] Bordi, F., Cametti, C., Gili, T., 2001. Reduction of the contribution of electrode polarization effects in the radiowave dielectric 
measurements of highly conductive biological cell suspensions. Bioelectrochem. 54, 53-61. 


Page | 63 




International Journal of Environmental & Agriculture Research (IJOEAR) ISSN: [24 54- 1850] [Vol-2, Issue- 1 1, November- 2016] 


[19] Ilic, B., Czaplewski, D., Neuzil, P., Stanczyk, T., Blough, J., Maclay, G.J., 2000. Preparation and characterization of platinum black 
electrodes. J. Mater. Sci. 35, 3447-3457. 

[20] Schwan, H.P., 1968. Electrode polarization impedance and measurements in biological materials. Ann. NY Acad. Sci. 148, 191-209. 

[21] Li,W., Lin, C., Mingjun, F., Qing, M., 2009. Measurement of the permittivity and conductivity for 30 normal blood samples at radio 
frequency range. BEIJING Biomed. Eng. 28, 143-143. 

[22] Nopp, P, Harris, N.D., Zhao, T.-X., Brown, B.H., 1997. Model for the dielectric properties of human lung tissue against frequency 
and air content. Med. Biol. Eng. Comput. 35, 695-702. 

[23] Schmid, G., Neubauer, G., Mazal, P.R., 2003. Dielectric properties of human brain tissue measured less than 10 h postmortem at 
frequencies from 800 to 2450 MHz. Bioelectromagnetics 24, 423-30. 

[24] Matanguihan, R.M., Konstantinov, K.B., Yoshida, T., 1994. Dielectric measurement to monitor the growth and the physiological 
states of biological cells Bioprocess Eng. 11, 213-222. 

[25] Fang, J., Iwasa, K.H. 2007. Effects of chlorpromazine and trinitrophenol on the membrane motor of outer hair cells. Biophys. J. 93, 
1809-1817. 

[26] Seeman, R, Sha'afi, R.I., Galey, W.R., Solomon A.K., 1970. The effect of anesthetics (chlorpromazine, ethanol) on erythrocyte 
permeability to water. Biochim. Biophys. Acta - Biomembr. 211, 365-368. 

[27] Wilson, C.C., Delamere, N.A., Paterson, C.A., 1983. Chlorpromazine effects upon rabbit lens water and electrolyte balance. Exp. Eye 
Res. 36, 559-565. 

[28] Ballatori, N., Shi, C., Boyer, J.L., 1988. Altered plasma membrane ion permeability in mercury -induced cell injury: Studies in 
hepatocytes of elasmobranch Raja erinacea. Toxicol. Appl. Pharmacol. 95, 279-291. 

[29] Patel, R, Markx, G.H., 2008. Dielectric measurement of cell death. Enzyme Microbial Technol. 43, 463-470. 

[30] Koley, D., Bard, A.J., 2010. Triton X-100 concentration effects on membrane permeability of a single HeLa cell by scanning 
electrochemical microscopy (SECM). Proc. Natl. Acad. Sci. USA 107, 16783-16787. 


Page | 64 




